Abstract Mural cells in the microvasculature of visceral organs develop spontaneous Ca 2+ transients. However, the mechanisms underlying the integration of these Ca 2+ transients within a microvascular unit remain to be clarified. In the present study, the origin of spontaneous Ca 2+ transients and their propagation in the bladder suburothelial microvasculature were explored. Cal-520 fluorescence Ca 2+ imaging and immunohistochemistry were carried out on mural cells using mice expressing red fluorescent protein (DsRed) under control of the NG2 promotor. NG2(+) pericytes in both pre-capillary arterioles (PCAs) and capillaries developed synchronous spontaneous Ca 2+ transients. By contrast, although NG2-DsRed also labelled arteriolar smooth muscle cells, these cells remained quiescent. Both NG2(+) pericytes in post-capillary 
r Spontaneous Ca 2+ transients in pericytes of all microvascular segments primarily rely on the cycles of Ca 2+ uptake and release by the sarco-and endoplasmic reticulum.
r The synchrony of spontaneous Ca 2+ transients in capillary pericytes exclusively relies on the spread of depolarizations resulting from the opening of Ca 2+ -activated chloride channels (CaCCs) via gap junctions.
r CaCC-dependent depolarizations further activate L-type voltage-dependent Ca 2+ channels as required for the synchrony of Ca 2+ transients in pericytes of pre-capillary arterioles, post-capillary venules and venules.
r Capillary pericytes may drive spontaneous Ca 2+ transients in pericytes within the suburothelial microvascular network by sending CaCC-dependent depolarizations via gap junctions.
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Introduction
The microvasculature, consisting of arterioles, capillaries and venules, functions as an integrated unit to maintain microcirculation. The microcirculation serves to regulate blood flow and tissue perfusion, thereby ensuring the delivery of oxygen and nutrients to meet the tissue demands, as well as the removal of tissue metabolites. Traditionally, arterioles are considered to play a predominant role in controlling the vascular resistance and hence the distribution and rate of blood flow into individual organs or tissues, whereas substance exchange between the blood flow and tissues primarily occurs across the wall of capillaries. Because capillary filtration and reabsorption is a function of hydrostatic pressure that is determined by the gradient of arteriolar and venular pressures, changes in the contractile properties of arterioles and venules are a determinant of capillary exchange. Capillary perfusion in different regions in individual tissues is regulated precisely to meet the energetic demands of neighbouring metabolically active cells; thus, there is considerable heterogeneity of capillary perfusions even within the same tissues (Ellis et al. 1994; Villringer et al. 1994) . There is growing evidence indicating that capillaries play a more active role in regulating regional blood flow than previously assumed.
Arterioles or venules are surrounded by contractile smooth muscle cells (SMCs), whereas capillaries and pre-and post-capillary microvessels are covered by morphologically distinct pericytes. Capillary pericytes are often non-contractile and do not express α-smooth muscle actin (α-SMA) (Borysova et al. 2013; Burdyga & Borysova, 2014; Hill et al. 2015) . Nevertheless, capillary pericytes in several vascular beds of the CNS play an active role in regulating capillary diameter and blood flow (Peppiatt et al. 2006; Femández-Klett et al. 2010; Hall et al. 2014) . In addition, the dilatory signals generated in capillary pericytes appear to spread to upstream arterioles to facilitate capillary perfusion (Ishizaki et al. 2009; Hall et al. 2014) . Indeed, electrical signals evoked in capillary pericytes in the retina are effectively transmitted not only to pericytes within the capillary network, but also to arterioles via gap junctions (Kawamura et al. 2003; Zhang et al. 2011) . Thus, capillary pericytes may well sense neighbouring neuronal activity or metabolic conditions to generate hyperpolarizations that are transmitted to arterioles to inhibit L-type voltage-dependent Ca 2+ channels resulting in active hyperaemia (Ishizaki et al. 2009; Hall et al. 2014; Mishra et al. 2016) .
Besides the neuronal or metabolic regulations of microvascular contractility, a number of microblood vessels, particularly arterioles, in different microvascular beds develop spontaneous phasic constrictions, namely spontaneous vasomotion (Aalkjaer & Nilsen, 2005) . Vasomotion is considered to play a critical role in regulating microcirculation and thus facilitate capillary-tissue exchange (Sakurai & Terui, 2006) . In several visceral organs that undergo considerable wall distention upon filling, such as the urinary bladder (Hashitani et al. 2011; Hashitani et al. 2012; Shimizu et al. 2014) , stomach and colon , pericytes or SMCs in venules display spontaneous Ca 2+ transients and associated constrictions that may facilitate venular drainage (Dongaonkar et al. 2012) , whereas the arterioles remain quiescent. However, arterioles in the stomach or rectum are spontaneously active and may be driven by capillary pericytes Mitsui & Hashitani, 2017) . Thus, despite the fact that the microvascular network appears to function as an integrated unit as a result of electrical coupling between mural cells in different segments (Borysova et al. 2013) , the spread of spontaneous activity within the microvasculature may vary in a vascular bed-dependent manner. Of particular interest is whether capillary pericytes drive the spontaneous activity in other microvascular segments, and how the capillary-derived signals may spread to the arterioles or venules differently.
To understand the role of capillary pericytes in driving the spread of spontaneous activity within the microvascular unit, spontaneous Ca 2+ signals of mural cells were visualized in different segments of the suburothelial microvasculature of mice expressing red fluorescent protein (DsRed) under control of the proteoglycan NG2 promoter (Zhu et al. 2008) . Spontaneous Ca 2+ transients were generated in NG2(+) pericytes of pre-capillary arterioles (PCA) and capillaries that expressed NG2-DsRed florescence, weakly NG2(+) pericytes in post-capillary venules (PCV), and NG2 negative [NG2(-)] venular pericytes. We investigated the mechanisms underlying the synchrony of spontaneous Ca 2+ transients amongst mural cells in the same segments or their spread to adjacent segments, focusing particularly on the role of voltage-dependent Ca 2+ channel (VDCCs), Ca 2+ -activated chloride channels (CaCCs) and gap junctions. Microvascular contractility, expression of (α-SMA) and sympathetic innervation were also compared amongst differences microvascular segments.
Methods

Ethical approval
All experiments were approved by The Experimental Animal Committee of the Nagoya City University Graduate School of Medical Sciences (Approval no: H25M-36) prior to commencement. The experiments were carried out in accordance with the Care and Use of Animals in the Field of Physiological Sciences set out by the Physiological Society of Japan (2015) and conform with the principles and regulations described in Grundy (2015) .
Animals
NG2 DsRed mice expressing a red fluorescent protein variant (DsRed.T1) under the control of the neural/glial antigen-2 expression (NG2) chondroitin sulphate proteoglycan 4 (Cspg4) promoter (Zhu et al. 2008) were purchased from Jackson Labs (Bar Harbor, ME, USA) [stock Tg(Cspg4-DsRed.T1)1Akik/J] and maintained hemizygous. C57BL/6J mice, aged 7-12 weeks, were purchased from Japan SLC, Inc. (Hamamatsu, Japan). Mice were housed under a 12:12 h light/dark cycle at 23 ± 1°C with free access to food and water.
Tissue preparation
Mice of both sexes, aged 7-12 weeks, were anaesthetized by exposition to vapours of isoflurane and then exsanguinated by decapitation. The bladder was removed and pinned out in a dissecting dish with the mucosal side uppermost. The mucosal layer was dissected away from the detrusor smooth muscle layer, and then the urothelial layer was carefully removed using ophthalmology scissors leaving the suburothelial layer containing the microvasculature (i.e. lamina propria).
For immunohistochemistry, the bladder was excised from NG2 DsRed mice or their non-carrier sibling, cut open and immediately immersed in PBS at 4°C.
Intracellular calcium imaging
For intracellular calcium imaging, NG2 DsRed mice were used to identify vascular mural cells in the different microvasculature segments. The lamina propria preparations, ß5 mm square, were prepared, pinned out on a Sylgard plate (silicone elastomer; Dow Corning Corporation, Midland, MI, USA) at the bottom of the recording chamber (volume, ß1 mL), superfused with warmed physiological salt solution (36°C) (PSS) at a constant flow rate (2 mL min −1 ) and equilibrated for 60 min. To visualize Ca 2+ transients in the microvasculature, preparations were incubated in low Ca 2+ PSS ([Ca 2+ ] o = 0.1 mM) containing 1 μM Cal-520 AM (AAT Bioquest Inc., Sunnyvale, CA, USA) and cremophor EL (0.01%; Sigma, St Louis, MO, USA) for 10-15 min at 35°C and then for 10 min at room temperature.
Following incubation, the recording chamber was mounted on the stage of an upright epifluorescence microscope (BX51WI; Olympus, Tokyo, Japan) equipped with a back-thinned electron multiplying CCD camera (C9100-13; Hamamatsu Photonics, Hamamatsu, Japan). Preparations were superfused with dye-free PSS containing 2.5 mM Ca 2+ , viewed with a water immersion objective (UMPlanFL 20× or LUMPlanFL 40×, 60×; Olympus) and illuminated at 495 nm. Fluorescence was captured through a barrier filter above 515 nm, and images were obtained every 47-100 ms (frame interval) with an exposure time of 30-70 ms using a microphotoluminescence measurement system (AQUACOSMOS; Hamamatsu Photonics). Relative amplitudes of Ca 2+ transients were expressed as F t /F 0 = (F t -F 0 )/F 0 , where F t is the fluorescence generated by an event and baseline F 0 is the basal fluorescence.
To identify NG2(+) mural cells, DsRed fluorescence was excited at 515 nm, and emission was captured through a barrier filter above 575 nm.
The diameter of different microvasculature segments was measured manually by defining the boundaries of the J Physiol 596.16 blood vessels in terms of their Cal-520 fluorescence on video images displayed by frame-by-frame playback. The major axis of cell bodies of five mural cells in each blood vessel segments were also measured and the averaged values were expressed as the soma length.
Intracellular recordings
The lamina propria preparations taken from non-carrier sibling or C57BL/6J mice were used for intracellular recording. Preparations were pinned out on a Sylgard plate at the bottom of the recording chamber mounted on the stage of an inverted microscope. Preparations were superfused with warmed (36°C) PSS at a constant flow rate (2 mL min −1 ) and equilibrated for 90 min. Vascular mural cells were impaled with glass capillary microelectrodes, filled with 1 m KCl (tip resistance, 120-250 M ). Membrane potential changes were recorded using a high input impedance amplifier (Axoclamp-2B; Axon Instruments, Inc., Foster City, CA, USA) and displayed on a cathode-ray oscilloscope (SS-5702; Iwatsu, Tokyo, Japan). After low-pass filtering (cut-off frequency, 1 kHz), membrane potential changes were digitized using a Digidata 1322 interface (Axon Instruments, Inc.) and stored on a personal computer for later analysis.
Immunohistochemistry
The bladder was pinned flat in PBS at 4°C, and the muscle layer was removed using sharp tweezers and microscissors under a dissection microscope to make a mucosal preparation. A preparation that had been pinned flat was fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) for 15-30 min [3 h only for tyrosine hydroxylase (TH) immunohistochemistry] at 4°C, whereas tissue used for desmin immunostaining was fixed in acetone for 10 min at 4°C. After washing in PBS, the urothelium was removed only when mucosal preparation was used to immunostain for desmin, TH or α-SMA.
Detailed information of immunohistochemical protocol such as the blocking procedure or antibody dilution has been provided previously . Tissues were incubated with one or two primary antibodies overnight or for 2 days at 4°C or incubated with biotinylated swine anti-rabbit IgG antibody (dilution 1:300; Dako, Glostrup, Denmark) for 30 min only when rabbit primary antibody was used. The tissues were then incubated with a secondary antibody and/or Alexa488-conjugated streptavidin (10 μg mL -1 ; Molecular Probes, Eugene, OR, USA) for 2 h.
Antibodies used were armenian hamster antibody for CD31 (dilution 1:200; Merck Millipore-Chemicon, Billerica, MA, USA), rabbit antibody for desmin (dilution 1:100; Abcam, Cambridge, UK), mouse antibody for endothelial nitric oxide synthase (eNOS) (dilution 1:400; BD Transduction Laboratories, Franklin Lakes, NJ, USA), rabbit antibody for TH (dilution 1:1000; Merck Millipore-Chemicon), mouse antibody for α-SMA (dilution 1:1000; clone 1A4; Sigma), Alexa488-conjugated goat anti-armenian hamster IgG antibody (7 μg mL -1 ; Jackson Immunoresearch Laboratories, West Grove, PA, USA), Cy3-conjugated goat anti-mouse IgG antibody (2.5 μg mL -1 ; Merck Millipore-Chemicon) and Alexa488-conjugated donkey anti-mouse IgG antibody (10 μg mL -1 ; Abcam). Specimens were observed using a confocal laser scanning microscope (LSM 5 PASCAL; Carl Zeiss, Oberkochen, Germany).
Solutions
The composition of PSS was (in mM): 137. The drugs used were Bay K 8644, caffeine, carbenoxolone, cyclopiazonic acid (CPA), 4,4 -diisothiocyanato-2,2 -stilbenedisulphonic salt (DIDS), nicardipine, nickel chloride, nifedipine, niflumic acid and tetracaine (Sigma). Carbenoxolone and nickel chloride were dissolved in distilled water; Bay K 8644, CPA, nicardipine and tetracaine dissolved in dimethyl sulphoxide; and nifedipine and niflumic acid were dissolved in absolute ethanol. DIDS was directly dissolved in PSS immediately before use. The final concentration of the solvents above in the PSS did not exceed 1:1000.
Calculations and statistical analysis
The parameters of spontaneous Ca 2+ transients measured were: the peak amplitude (F t /F 0 ) measured as the value from the basal Ca 2+ level to the peak of Ca 2+ transients; half-width (s), measured as the time between 50% peak amplitude on the rising and falling phases; and frequency (min −1 ) calculated as an average for over 5 min.
The parameters of electrical slow waves measured were: resting membrane potential (RMP) (mV); peak amplitude (mV), measured as the value from the RMP to the peak of events; half-width (s), measured as the time between 50% peak amplitude on the rising and falling phases; and frequency (min −1 ), which was calculated as an average for over 3-5 min of recordings.
Measured values were expressed as the mean ± SD (where n is number of preparations as well as animals, unless otherwise specified). Statistical significance was tested using a paired t test. P < 0.05 was considered statistically significant.
The synchrony of Ca 2+ transients amongst pericytes was analysed using the cross-correlation function of Clampfit, version 10.3 (Molecular Devices) as described previously.
Results
Morphological characteristics of mural cells in the suburothelial microvasculature network
In the bladder suburothelium of NG2-DsRed mice, the NG2-DsRed fluorescence of arteriolar SMCs and pericytes in branched PCAs and capillaries form an extensive tree-like network as visualized in Fig. 1A . The extensive network of NG2(+) pericyte-covered capillaries was located just beneath the urothelium (Fig. 1B) , whereas the NG2(+) SMC or pericyte-covered arteriolar tree branching into capillaries was distributed in the lamina propria facing the detrusor smooth muscle layer (Fig. 1C) . Staining of endothelium with CD31 visualized the whole microvasculature network ( Fig. 1D and E), including NG2(-) pericyte-covered venules. Arteriolar SMCs expressed NG2-DsRed fluorescence, whereas no NG2-DsRed fluorescence was detected in pericyte-covered venules running in parallel. Capillary pericytes also expressed NG2-DsRed fluorescence, and pericytes in PCVs showed a faint NG2-DsRed signal.
At higher magnification, pericytes in PCAs had a typical 'bump-on-a-log' appearance with an NG2(+) oval cell body extending circumferentially-arranged processes and were also densely lined along the PCA axis (Fig. 1F) . Desmin staining clearly revealed the stellate shaped morphology of NG2(-) pericytes in venules and NG2(+) pericytes in PCVs, as well as NG2(+) arteriolar SMCs (Fig. 1G ). Capillary pericytes also had a bump-on-a-log appearance with an NG2(+) oval cell body but extended bipolar longitudinal processes running along the axis of capillaries that were visualized by eNOS staining of the endothelium (Fig. 1H) .
These morphological characteristics of the mural cells in different microvascular segments are similar to those in the fluorescence labelled ureteric microvascular networks (Borysova et al. 2013) or mammary gland as identified by scanning electron microscopy (Fujiwara & Uehara, 1984) . Thus, different segments of the microvasculature network could be identified by the morphology and NG2-DsRed expression of the mural cells. A single plane image of the same area showed an extensive network of capillary pericytes just beneath the urothelium (B), whereas another single plane image visualized arteriolar tree branching capillaries in the outermost part of the lamina propria (C). In another lamina propria preparation processed for immunohistochemistry against the endothelial marker CD31, arteriolar smooth muscle cells expressed a strong NG2 signal (a), whereas no fluorescence was detected in venular pericytes (v) (D and E). Capillary pericytes (c) also expressed a strong NG2 signal, whereas pericytes in the postcapillary venule (pcv) showed faint NG2 signals (D and E) . In a different lamina propria preparation, pericytes in the precapillary arteriole (pca) had an oval cell body expressing a strong NG2 signal and extended circumferentially-arranged processes with weaker NG2 signals (F). The stellate shaped morphology of pericytes in a venule (v) and a postcapillary venule (pcv) were revealed by desmin immunohistochemistry, whereas circumferentially-arranged processes were evident in the arteriole (a) (G). A capillary pericyte and endothelium (c) were visualized by their immunoreactivity for desmin (green) and eNOS (red), respectively (H). Nuclear staining with Hoechst (blue) indicated the pericyte cell body (arrow) extending longitudinally-oriented bipolar long processes. The scale bar in (A) also refers to (B) and (C), and that in (D) also refers to (E). [Colour figure can be viewed at wileyonlinelibrary.com] Ca 2+ dynamics of the mural cells were visualized in situ within lamina propria preparations in which the morphology and NG2 expression of the mural cells in different microvascular segments were observed simultaneously. Arterioles covered by circumferentially-arranged NG2(+) SMCs ( Fig. 2A and B) branched into PCA where NG (+) pericytes were densely distributed ( Fig. 2A, C and F) . PCAs continued into capillaries where NG2(+) pericytes that had an oval shaped cell body with extending bipolar longitudinal processes ( Fig. 2G ) were more sparsely distributed ( Fig. 2A  and D) . Pericytes in PCVs typically had short oval shaped cell bodies that expressed a faint NG2-DsRed fluorescence (Fig. 2E ), although some PCV pericytes expressed brighter NG2-DsRed fluorescence (Fig. 2F ).
Morphological characteristics of pericytes in different microvascular segments are summarized in Fig. 2H and I. The diameter of capillaries is significantly smaller compared to PCAs or PCVs, whereas capillary pericytes have a larger soma length than pericytes in PCAs or PCVs.
NG2(+) pericytes in PCA developed synchronous spontaneous Ca 2+ transients ( Fig. 3A and E; see also Supporting information, Video S1), whereas NG2(+) pericytes in capillary exhibited nearly-synchronous spontaneous Ca 2+ transients ( Fig. 3B and F; see also Supporting information, Video S2). Within a capillary network, spontaneous Ca 2+ transients in NG2(+) capillary pericytes propagated from one after another with an interpericyte distance of ß50 μm (Supporting information, Video S3). Within a PCA-capillary tree, spontaneous Ca 2+ transients in NG2(+) capillary pericytes spread into the 'stem' PCA triggered showed NG2(+) CAP pericytes with an oval shaped cell body extending bipolar longitudinal processes (D). Pericytes in PCV had a short oval cell body that expressed a faint NG2 fluorescence (E). Note that luminance was increased for clarity. In another lamina propria preparation, NG2(+) pericytes extended circumferentially-oriented processes wrapped around PCA, whereas stellate-shaped NG2(+) pericytes were distributed in PCV (F). A capillary pericyte expressed strong NG2 fluorescence in the cell body and extended NG2(+) bipolar processes (G Fig. 3C and G; see also Supporting information, Video S5). NG2(-) pericytes in venules also exhibited propagated spontaneous Ca 2+ transients ( Fig. 3D and H; see also Supporting information, Video S6) that had characteristics similar to those of venular Ca 2+ transients of BALB/c mice bladder suburothelium (Hashitani et al. 2012) . Consistent with a previous study (Hashitani et al. 2012) In a PCA of NG2-DsRed mouse bladder, pericytes expressing a strong DsRed florescence developed synchronous spontaneous Ca 2+ transients that lasted ß20 s (A). In a capillary, NG2/DsRed(+) pericytes developed nearly-synchronous spontaneous Ca 2+ transients (B). In a PCV, pericytes expressing a faint DsRed fluorescence generated propagated spontaneous Ca 2+ transients that lasted ß10 s (C). In a suburothelial venule, NG2(-) pericytes generated propagated spontaneous Ca 2+ transients (D transients in pericytes of capillaries/PCAs were generated at a lower frequency than pericytes in PCVs/venules, whereas their half-with was longer than pericytes in PCVs/venules.
To determine whether the spontaneous Ca 2+ transients in pericytes of the suburothelial microvasculature might be induced by a high oxygen concentration in the perfusate, a separate set of experiments was carried out using PSS bubbled with 95% N 2 and 5% CO 2 . Pericytes in PCAs, capillaries, PCVs and venules generated spontaneous Ca 2+ transients, and their parameters were not significantly different from those measured in the preparations superfused by PSS bubbled with 95% O 2 and 5% CO 2 (Table 1) .
Spontaneous Ca 2+ transients in NG2(+) pericytes in PCAs were associated with a ß15 % reduction in the diameter of PCAs (from 9.7 ± 3.1 μm to 8.2 ± 2.2 μm, n = 42), whereas Ca 2+ transients in NG2(+) pericytes in capillaries did not result in a reduction of capillary diameter. Spontaneous Ca 2+ transients in NG2(+) pericytes in PCVs were not associated with an evident reduction in the PCV diameter, whereas Ca 2+ transients in NG2(-) venular pericytes resulted in a ß25% reduction of the venular diameter (from 42.3 ± 13.1 μm to 32.6 ± 12.3 μm, n = 35). These values of spontaneous venular constrictions were not very different from those reported in the suburothelial venules of BALB/c mice (Hashitani et al. 2012) or rat (Hashitani et al. 2011) bladders.
Consistent with the contractile properties in the different microvascular units, α-SMA was strongly expressed in NG2(+) pericytes in PCAs (Fig. 4A-C) or NG2(-) pericytes in venules ( Fig. 4G-I ), whereas no α-SMA expression was evident NG2(+) capillary pericytes ( Fig. 4A-F) . NG2(+) pericytes in PCVs with a diameter of ß20 μm expressed α-SMA (Fig. 4D-F) , although their α-SMA expression was largely diminished in PCVs with a diameter of less than 10 μm (Fig. 4G-I ).
Roles of LVDCCs in pericyte Ca
2+ transients of different microvascular segments
Because LVDCCs play a fundamental role in maintaining the synchrony of spontaneous Ca 2+ transients amongst mural cells in many vascular beds including suburothelial venules (Hashitani et al. 2011; Hashitani et al, 2012) , the effects of LVDCC blockade with nifedipine on Ca 2+ transients in different microvascular segments were compared.
In PCAs, nifedipine (3 μM, n = 16 or 10 μM, n = 4) abolished pericyte Ca 2+ transients (n = 8) (Fig. 5A ) or disrupted their synchrony (n = 12) ( Fig. 5B and C) . Subsequent BayK 8644 (1 μM), a LVDCC activator, recovered spontaneous Ca 2+ transients in the arrested pericytes of PCA (n = 3) or restored their synchrony (n = 4) (Fig. 5D) . Cross-correlation analysis applied to PCA pericyte Ca 2+ transients demonstrated that the prominent peak near time zero seen in control (Fig. 5E ) was greatly suppressed by nifedipine (Fig. 5F ) in a manner reversed by BayK 8644 (n = 4) (Fig. 5G ). In 12 PCAs in which nifedipine (3 or 10 μM) disrupted the synchrony of spontaneous Ca 2+ transients, the amplitude and the half-width of pericyte Ca 2+ transients were reduced but their frequency was increased ( Fig. 5M-O) .
In capillaries, nifedipine (3 μM, n = 10 or 10 μM, n = 5) shortened spontaneous pericyte Ca 2+ transients but failed to disrupt their synchrony ( Fig. 5H and I) . Cross-correlation analysis of Ca 2+ transients amongst pericytes demonstrated that the prominent peak near time zero seen in control (Fig. 5J) was not diminished by nifedipine (n = 10 (Fig. 5K) . In 15 capillaries, nifedipine (3 or 10 μM) reduced the amplitude and the half-width of pericyte Ca 2+ transients but increased their frequency ( Fig. 5M-O) . Thus, LVDCCs appear to play a critical role in the generation or synchrony of spontaneous Ca 2+ transients in PCA pericytes but not capillary pericytes.
Nifedipine (1 μM) suppressed Ca 2+ transients in PCVs and disrupted their synchrony (n = 5) (Fig. 5L ) in a manner reversed by Bay K8644 (1 μM). In five PCVs that had been exposed to nifedipine, the amplitude, half-width and frequency of Ca 2+ transients were reduced ( Fig. 5M-O) .
Because the synchrony of LVDCC independent spontaneous Ca 2+ transients in myenteric capillary pericytes of the guinea-pig stomach was disrupted by the blockade of TVDCCs , the effects of nickel ions (Ni 2+ ), a known blocker of TVDCCs, on the nifedipine-resistant spontaneous Ca 2+ transients in capillary pericytes were also examined.
In preparations that had been pretreated with nifedipine (3 μM) in which capillary pericytes continued to generate synchronous spontaneous Ca 2+ transients, subsequent application of NiCl 2 (100 μM) failed to disrupt their synchrony (n = 5). NiCl 2 (100 μM) did not change the amplitude (2.3 ± 0.6 F t /F 0 in control, 2.2 ± 0.6 F t /F 0 in Ni 2+ , P > 0.05), half-width (from 4.8 ± 2.4 s in control, 4.9 ± 2.1 s in Ni 2+ , P > 0.05) or the frequency (2.1 ± 0.7 min −1 in control, 2.1 ± 0. (Fig. 6A) , whereas it disrupted or diminished the synchrony of pericyte Ca 2+ transients in capillaries (n = 12) ( capillaries, carbenoxolone (10 μM) abolished PCA Ca 2+ transients, whereas it left capillary Ca 2+ transients (n = 4) (Supporting information, Video S8 and S9), supporting the notion that capillary pericytes drive PCA pericytes. Cross-correlation analysis applied to capillary pericyte Ca 2+ transients demonstrated that the prominent peak near time zero seen in control (Fig. 6C) was diminished by carbenoxolone (n = 5) (Fig. 6D) . In 12 capillaries that had been exposed to carbenoxolone, the amplitude and the half-width of pericyte Ca 2+ transients were reduced, although their frequency was increased (Fig. 6I-K) .
In PCVs, carbenoxolone (10 μM) abolished pericyte Ca 2+ transients (n = 8) or disrupted their synchrony (n = 5) (Fig. 6E) . Cross-correlation analysis applied to pericyte Ca 2+ transients in PCVs demonstrated that the prominent peak near time zero was (Fig. 6F) greatly suppressed by carbenoxolone (n = 5) (Fig. 6G) . In five PCVs that had been exposed to carbenoxolone, amplitude, half-width and frequency of pericyte Ca 2+ transients were all reduced (Fig. 6I-K) .
In venules, carbenoxolone (10 μM) invariably prevented the generation of pericyte Ca 2+ transients (n = 6) (Fig. 6H) . DIDS (100 μM) invariably abolished spontaneous Ca 2+ transients in pericytes of PCAs (n = 8) (Fig. 7A) , whereas it disrupted the synchrony of Ca 2+ transients in capillary pericytes (n = 10) (Fig. 7B) . At the PCA-capillary junction, DIDS (100 μM) abolished PCA Ca 2+ transients, at the same time as leaving the capillary Ca 2+ transients (n = 4), suggesting that CaCC-dependent depolarizations generated in capillary pericytes are transmitted to PCA pericytes. Cross-correlation analysis applied to capillary pericyte Ca 2+ transients demonstrated that the prominent peak near time zero seen in control (Fig. 7C) was diminished by DIDS (n = 6) (Fig. 7D) . In 10 capillaries that had been exposed to DIDS, amplitude and half-width of pericyte Ca 2+ transients were reduced, whereas their frequency was increased (Fig. 7I-K) .
Roles of
DIDS (100 μM) disrupted the synchrony of pericyte Ca 2+ transients in PCVs (n = 6) (Fig. 7E) . Cross-correlation analysis of pericyte Ca 2+ transients in PCVs demonstrated that the prominent peak near time zero seen in control (Fig. 7F ) was diminished by DIDS (n = 6) (Fig. 7G) . In six PCVs that had been exposed to DIDS, amplitude, half-width and frequency of pericyte Ca 2+ transients were reduced ( Fig. 7I-K) . DIDS (100 μM) invariably prevented the generation of pericyte Ca 2+ transients in venules (n = 10) (Fig. 7H) . transients in pericytes and increased the basal Ca 2+ levels by 0.44 ± 0.18 F t /F 0 (n = 8) (Fig. 8A) , irrespective of the presence (n = 4) or absence (n = 4) of nifedipine. Caffeine (1 mM), which is known to stimulate ryanodine receptor-mediated Ca 2+ release but inhibit IP 3 receptor-mediated Ca 2+ release (Hirose et al. 1993) , abolished (n = 11) (Fig. 8B) or inhibited (n = 2) pericyte Ca 2+ transients in PCA. In the two PCAs, caffeine (1 mM) reduced the amplitude (from 2.0 ± 0.6 to 1.0 ± 0.6 F t /F 0 ), half-with (from 14.1 ± 6.0 to 9.3 ± 3.5 s) and frequency (from 2.2 ± 0.5 to 0.8 ± 0.6 min −1 ) of pericyte Ca 2+ transients. Tetracaine (100 μM), a blocker of Ca 2+ -induced Ca 2+ release via ryanodine receptors, abolished (n = 6) ( Fig. 8C) or inhibited (n = 5) pericyte Ca 2+ transients in PCAs. In the five PCAs, tetracaine (100 μM) suppressed the amplitude (from 2.1 ± 0.7 to 1.3 ± 0.5 F t /F 0 , P < 0.05), half-width (from 8.4 ± 1.7 to 4.5 ± 1.1 s, P < 0.05) and frequency (from 1.9 ± 0.4 to 1.2 ± 0.5 min −1 , P < 0.05) of pericyte Ca 2+ transients. In capillaries, CPA (10 μM) prevented the generation of spontaneous Ca 2+ transients in pericytes associated with a rise in the basal Ca 2+ levels by 0.36 ± 0.1 F t /F 0 (Fig. 8D) , irrespective of the presence (n = 2) or absence (n = 3) of nifedipine. Caffeine (1 mM) abolished (n = 6) or inhibited (n = 3) pericyte Ca 2+ transients in capillaries (Fig. 8E ). In the three capillaries, caffeine (1 mM) reduced the amplitude (from 1.5 ± 0.3 to 0.6 ± 0.3 F t /F 0 , P < 0.05) and frequency (from 3.2 ± 0.2 to 1.6 ± 0.4 min −1 , P < 0.05) of the pericyte Ca 2+ transients without affecting their half-with (from 5.4 ± 1.9 to 5.3 ± 1.7 s, P > 0.05). Tetracaine (100 μM) also abolished (n = 3) or inhibited (n = 4) spontaneous Ca 2+ transients in capillary pericytes (Fig. 8F ). In the four capillaries, tetracaine (100 μM) reduced the amplitude (from 1.5 ± 0.2 to 0.8 ± 0. In a PCA, DIDS (100 μM) prevented the generation of synchronous spontaneous Ca 2+ transients in three pericytes (A). Simultaneous recording from three pericytes in a connected capillary showed synchronous spontaneous Ca 2+ transient but DIDS (100 μM) suppressed the Ca 2+ transients and disrupted their synchrony (B). Cross-correlation analysis demonstrated that the prominent peak near time zero in control (C) was largely suppressed by DIDS (D). In a PCV, DIDS (100 μM) disrupted the synchrony of spontaneous Ca 2+ transients amongst three pericytes (E).
Roles of sarco-and endoplasmic reticulum (SR/ER)
Cross-correlation analysis showed that the prominent peak near time zero in control (F) was largely suppressed by DIDS (G). In a venule, DIDS (100 μM) prevented the generation of synchronous spontaneous Ca 2+ transients in three pericytes (H). Spontaneous Ca 2+ transients were restored after washout of carbenoxolone. Amplitude (I), half-width (J) and frequency (K) of spontaneous Ca 2+ transients in pericytes of capillary and PCV are summarized. Data are the mean ± SD. * Significantly different from the control values (paired Student's t test, P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com] F t /F 0 , P < 0.05) and frequency (from 2.9 ± 0.4 to 1.5 ± 0.8 min −1 , P < 0.05) of the pericyte Ca 2+ transients without affecting their half-width (from 4.3 ± 1.0 to 4.0 ± 0.9 s, P > 0.05).
In PCV, pericyte Ca 2+ transients were abolished by CPA (10 μM) associated with a rise in the basal Ca 2+ level by 0.41 ± 0.13 F t /F 0 (n = 7) (Fig. 8G) . Caffeine (1 mM) also prevented the generation of PCV Ca 2+ transients (n = 8) (Fig. 8H) . Tetracaine (100 μM) abolished (n = 4) (Fig. 8I) or inhibited (n = 3) pericyte Ca 2+ transients in PCVs. In the three PCVs, tetracaine (100 μM) reduced the amplitude (from 1.8 ± 0.4 to 0.32 ± 0.12 F t /F 0 , P < 0.05), half-width (from 3.8 ± 0.25 to 3.2 ± 0.36 s, P < 0.05) and frequency (from 3.6 ± 0.45 to 1.1 ± 0.25 min -1 , P < 0.05) of the pericyte Ca 2+ transients.
Comparison of electrical properties of venular pericytes and arteriolar SMCs
Ca 2+ imaging of the suburothelial microvasculature networks of NG2-DeRed mice revealed that pericytes in different microvascular segments developed spontaneous Ca 2+ transients, whereas arteriolar SMCs remained quiescent. Thus, the electrical properties of pericyte-covered venules and SMC-covered arterioles were investigated.
In venules, pericytes had a resting membrane potential of -45 ± 1.8 mV. Venular pericytes exhibited slow waves that had amplitude of 17.7 ± 1.2 mV (peak values = -27 mV), half-width of 4.3 ± 0.2s ( Fig. 9A and  B) and frequency of 4.5 ± 0.3 min −1 (n = 9) (Fig. 9A, B  and E) .
Nicardipine (1 μM, n = 4), a blocker for LVDCC, depolarized the membrane by 7.4 ± 2.1 mV and prevented the generation of regularly generated slow waves (Fig. 9A) . Expanding the timescale revealed that nicardipine prevented slow wave generation leaving spontaneous transient depolarizations (STDs) (Fig. 9C ). STDs were suppressed by subsequent addition of niflumic acid (50 μM), a known blocker for CaCC, associated with a hyperpolarization of the membrane (7.5 ± 2.0 mV, n = 4) (Fig. 9D) . Slow waves were also blocked by levcromakalim (100 μM), an ATP-sensitive K + channel opener, associated with a hyperpolarization of 18.3 ± 3.2 mV (n = 4) (Fig. 9E) .
In arterioles, SMCs had a resting membrane potential of -70 ± 3.8 mV and remained electrically quiescent (n = 8). channels, depolarized the membrane to -45 ± 3.8 mV (n = 5). Subsequent ACh (1 μM) hyperpolarized the membrane to -73 ± 3.8 mV (n = 5), indicating that the endothelium is intact and functional. (Fig. 10A) ; Nerve-evoked Ca 2+ transients in arterioles had a time to peak of 2.1 ± 0.16 s, an amplitude of 0.87 ± 0.38 F t /F 0 and a half-width of 2.0 ± 0.16 s (n = 9). Nerve-evoked Ca 2+ transients in venules had the time to peak of 4.6 ± 0.51 s, an amplitude of 1.5 ± 0.62 F t /F 0 and a half-width of 4.8 ± 0.31 s (n = 7). Nerve-evoked Ca 2+ transients in both arterioles and venules were blocked by guanethidine (10 μM). By contrast to relatively larger microvessels, nerve-evoked Ca 2+ transients were hardly detected in pericyte of PCAs, capillaries or PCVs.
Consistent with the results of the EFS-induced responses, immunohistochemistry of TH, a sympathetic never maker, demonstrated varicose TH-positive nerve fibers running along SMC-containing arterioles and pericyte-covered venules ( Fig. 10B and C) but not pericyte-covered microvascular PCAs, capillaries or PCVs ( Fig. 10D and E) .
Discussion
In the bladder suburothelium of NG2-DsRed mice, Ca 2+ signals were visualized in mural cells in different segments of microvascular units that were identified by their morphology and NG2-DsRed fluorescence. Besides the NG2(-) venular pericytes that are known to develop synchronous spontaneous Ca 2+ transients (Hashitani et al. 2012) , NG2(+) pericytes in PCAs, capillaries and PCVs exhibited synchronous or propagated spontaneous Ca 2+ transients, whereas NG2(+) arteriolar SMCs remained quiescent. Thus, the suburothelial microvascular appears to function as an integrated unit with the exception of the arterioles.
Morphological and functional characteristics in different microvascular segments
In the suburothelial layer facing the detrusor smooth muscle layer, arterioles branching into PCAs run in parallel to venules collecting PCVs. PCAs branching into In a venule where pericytes periodically generated slow waves, nicardipine (1 μM) depolarized the membrane by ß10 mV and prevented the slow wave generation leaving STDs (A). The traces with an expanded time scale showed slow waves in control (B) and STDs in nicardipine (C). In the same venule, subsequent niflumic acid (1 μM) hyperpolarized the membrane by ß10 mV and abolished STDs (D). In another venule where slow waves were generated, levcromakalim (100 nM) hyperpolarized the membrane by ß15 mV and abolished slow waves (E). [Colour figure can be viewed at wileyonlinelibrary.com] an extensive capillary network distributed just beneath the urothelium, suggesting that the capillary network functions to maintain the metabolic demands of the urothelium-sensory nerve complex that generates and conveys bladder sensations to the CNS (Birder and Andersson, 2013) .
In the suburothelial layer of NG2-DeRed mice, different segments of the microvascular unit were readily identified by the morphology of the mural cells. Consistent with our previous immunohistochemical study in the fixed bladder suburothelium using NG2 antibody , stellate shaped pericytes enveloping venules did not express NG2-DeRed florescence. By contrast, pericytes in PCVs flowing into the venules had a 'bump-on-a-log' appearance, extending longitudinal processes and expressing a weak NG2-DsRed fluorescence. Despite the relatively abrupt disappearance of NG2-DsRed expression at the junction between PCVs and venules, pericytes in the two segments developed 'propagated' spontaneous Ca 2+ transients at a similar frequency. Arterioles were wrapped by tightly-packed, circumferentially-arranged smooth muscle cells expressing NG2-DsRed florescence as reported previously . Densely packed pericytes in PCAs that had a bump-on-a-log appearance with comb-like processes also expressed NG2-DsRed florescence, whereas more sparsely distributed NG2(+) capillary pericytes extended long bipolar processes. Such morphological characteristics in the different microvascular units are very similar to those in the ureteric microvascular network (Borysova et al. 2013) , mammary gland (Fujiwara & Uehara, 1984) or CNS (Matsushita & Puro, 2006; Hill et al. 2015) . In capillaries and PCAs, NG2(+) pericytes developed nearly-synchronous spontaneous Ca 2+ transients at a similar frequency that was lower than that of pericytes in PCVs or venules, although Ca 2+ transients in PCA pericytes seldom spread into NG2(+) SMCs in the arterioles.
Role of LVDCCs and TVDCCs
Intercellular spread of LVDCC-dependent regenerative action potentials appears to be a ubiquitous mechanism for maintaining the synchrony of cytosolic Ca 2+ oscillators in individual vascular SMCs, resulting in vasomotion (Aalkjaer & Nilsen, 2005) . The synchrony of spontaneous Ca 2+ transients amongst venular pericytes or SMCs is disrupted by the blockade of LVDCCs (Hashitani et al. 2010; Hashitani et al. 2012; . In the present study, the synchrony of spontaneous Ca 2+ transients in NG2(+) pericytes of PCVs and PCAs was indeed disrupted by LVDCC blockade, although LVDCC blockade shortened spontaneous Ca 2+ transients in NG2(+) capillary pericytes without disrupting their synchrony. The role of LVDCCs in maintaining the synchrony of spontaneous Ca 2+ transients in NG2(+) pericytes of PCAs and PCVs was further confirmed by the restoration of synchrony with an LVDCC activator. Thus, it appears that Ca 2+ entry through LVDCCs is essential for the synchrony amongst NG2(+) pericytes in PCAs, PCVs and NG2(-) pericytes in venules (Fig. 11) , whereas LVDCC independent depolarizations may be sufficiently large to electrically couple NG2(+) capillary pericytes with each other (Fig. 11) .
In venules, spontaneous slow waves were generated at a frequency similar to spontaneous Ca 2+ transients in NG2(-) venular pericytes. LVDCC blockade prevented slow wave generation leaving STDs that appear to be generated by asynchronous Ca 2+ transients and subsequent opening of CaCCs (see below). Thus, the opening of LVDCCs triggered by STDs causes slow waves that are readily spread within the NG2(-) venular pericyte syncytium because of their regenerative nature (Fig. 11) .
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TVDCCs and not LVDCCs appear to be involved in the synchrony of spontaneous Ca 2+ transients in capillary pericytes in the myenteric plexus of the guinea-pig stomach . However, in the bladder suburothelium pretreated with nifedipine, the synchrony of LVDCC-resistant spontaneous Ca 2+ transients amongst NG2(+) capillary pericytes was not disrupted by Ni 100 μM. In submucosal arterioles of the rat rectum, LVDCC-resistant spontaneous Ca 2+ transients in mural cells are slowed upon TVDCC blockade without disrupting their synchrony (Mitsui & Hashitani, 2017) . Thus, the contribution of either LVDCCs or TVDCCs to the synchrony of spontaneous Ca 2+ transients amongst mural cells appears to be varied in a vascular bed specific manner.
The termination of spontaneous Ca 2+ transients at the PCA-arteriolar junction is probably a result of the hyperpolarized membrane potential of arteriolar SMCs (around -70 mV) and thus there may be an abrupt drop in the membrane potentials at the junction between the PCA and the arterioles (Fig. 11) . Blockade of inward rectifier K + channels with Ba 2+ depolarized the membrane by ß30 mV, suggesting that inward rectifier K + channels play a fundamental role in stabilizing SMC excitability and may preferentially be expressed in arterioles as in the case of other microvascular beds (Matsushita & Puro, 2006; Longden et al. 2016) . Moreover, voltage dissipation at the branch point between a capillary and its tertiary arteriole was reported in the retinal microvasculature (Zhang et al. 2011) .
Role of CaCCs and gap junctions
In capillaries, the synchrony of LVDCC/TVDCC-resistant Ca 2+ transients in NG2(+) pericytes was disrupted by DIDS, a known blocker of CaCCs, suggesting that CaCCs play a critical role in maintaining their synchrony (Fig. 11) . A similar role of CaCCs has been reported in the submucosal arterioles of the rat rectum, where the synchrony of mural cells was disrupted by lowering extracellular chloride ion concentration or CaCC blockade (Mitsui & Hashitani, 2017) . The fundamental role of CaCCs but not VDCCs in generating spontaneous activity was also proposed in the irideal arterioles (Haddock et al. 2002) , where voltage independent coupled oscillators may be operated to generate vasomotion (Haddock & Hill, 2005) . Gap junction blockade disrupted or diminished the synchrony of spontaneous Ca 2+ transients amongst NG2(+) capillary pericytes, indicating that the intercellular coupling between capillary pericytes appears to be tight despite the point contact between the longitudinal processes of adjacent pericytes. Alternatively, the electrical coupling between capillary pericytes may be predominantly mediated via the endothelium. The role of the endothelium in maintaining intercellular coupling amongst pericytes has been reported in other vascular beds (Zhang et al. 2011 (Zhang et al. , 2013 (Zhang et al. , 2014 .
Interestingly, the blockade of either CaCCs or gap junctions invariably prevented the generation of spontaneous Ca 2+ transients in NG2(+) pericytes in PCAs. Thus, the NG2(+) pericytes in capillary appear to be located upstream of NG2(+) pericytes in PCAs in term of the generation of spontaneous Ca 2+ transients (Fig. 11) . Because CaCC or gap junction blockade blocked spontaneous Ca 2+ transients in NG2(-) pericytes in venules but not NG2(+) pericytes in PCVs, PCV pericytes appear to be located upstream of venular pericytes. However, whether PCV pericytes may be driven by capillary pericytes or have their own automaticity was not determined. In the venules, blockade of CaCCs with niflumic acid, another known blocker of CaCCs, largely suppressed STDs associated with a membrane hyperpolarization, suggesting that CaCCs contribute not only to the generation of STDs, but also to the relatively depolarized membrane potentials. Because levcromakalim, a K ATP channel opener, hyperpolarized the venular membrane and also prevented the generation of slow waves without leaving STDs, a relatively depolarized membrane as a result of the opening of CaCCs appears to be fundamental for generating spontaneous Ca 2+ transients presumably by constitutive, voltage-dependent IP 3 production (van Helden & Imtiaz, 2003; Imtiaz et al. 2007) (Fig. 11) .
Role of SR/ER Ca 2+ handling
Despite the heterogeneity in the ionic mechanisms maintaining intercellular coupling in different segments of the suburothelial microvasculature, spontaneous Ca 2+ transients in all segments were abolished by the blockade of SR/ER Ca 2+ ATPase, indicating that Ca 2+ handling by SR/ER plays a primary role in the initiation of the spontaneous Ca 2+ transients. Uptake and release from SR/ER Ca 2+ stores are well established as mechanisms underlying spontaneous activity in all segments of microvascular units (Aalkjaer & Nilsson, 2005; Haddock & Hill, 2005; Hashitani & Lang, 2015) . In microvascular units of the bladder suburothelium, NG2(+) capillary pericytes appear to function as 'driver cells' , although a population of NG2(+) PCV pericytes are also capable of generating spontaneous Ca 2+ transients. Thus, NG2(+) pericytes in capillaries and PCVs appear to operate a spontaneous cytosolic Ca 2+ oscillator linked with membrane CaCCs (Fig. 11) . NG2(+) pericytes in PCAs and NG2(-) venular pericytes also have their own cytosolic Ca 2+ oscillator but require the input of depolarization from 'driver cells' (Fig. 11) . This notion is supported by the fact that SMCs or pericytes in a variety of vascular beds are not spontaneously active but are capable of generating oscillatory activity upon agonist stimulation or LVDCC activation (Aalkjaer & Nilsson, 2005; Haddock & Hill, 2005; Borysova et al. 2013) .
In the suburothelial venules, spontaneous Ca 2+ transients in venular pericytes are abolished by blockers of IP 3 -induced Ca 2+ release but not ryanodine, suggesting that IP 3 receptors rather than ryanodine receptors (RYRs) play a predominant role in the spontaneous SR/ER Ca 2+ transients (Hashitani et al. 2012) . In NG2(+) pericytes of PCAs, capillaries or PCVs in the same microvascular unit, spontaneous Ca 2+ transients were prevented or inhibited by both caffeine and tetracaine, a known blocker of CICR (Thomas & Williams, 2012) , which exerts multiple effects, particularly in multicellular tissue preparations.
Contractility and α-SMA expression
In the suburothelial microvascular unit, α-SMA was strongly expressed in the NG2(+) arteriolar SMCs and NG2(-) venular pericytes, as well as NG2(+) pericytes in PCAs, where increases in [Ca 2+ ] i were associated with vasoconstrictions. By contrast, NG2(+) pericytes in capillaries did not express α-SMA and were not contractile, whereas the expression of α-SMA and contractility in the NG2(+) PCV pericytes gradually decreased as the diameter was reduced. Similar heterogeneity in the α-SMA and contractility was reported in the microvascular units of the CNS (Nehls & Drenckhahn, 1991; Hall et al. 2015) . However, several studies reported that capillary pericyte in the CNS (e.g., brain and retina) (Peppiatt et al. 2006; Femández-Klett et al. 2010; Hall et al. 2014) or heart (O'Farrell et al. 2017 ) are contractile. Thus, capillary pericytes in the bladder suburothelium may function as a driver of other contractile segments to J Physiol 596.16 regulate capillary blood flow rather than having their own contractile machinery to alter capillary diameter.
Sympathetic innervation
NG2(+) arteriolar SMCs that did not develop spontaneous Ca 2+ transients generated a rapid Ca 2+ transient associated with a vigorous constriction upon excitations of perivascular sympathetic nerves, as is the case in the rat suburothelial microvasculature (Shimizu et al. 2014) . Consistently, TH immunoreactive sympathetic nerves run along the arterioles, as well as the venules, in which NG2(-) pericytes also responded to nerve stimulation by generating a slowly developed contraction. Unlike these larger microvascular segments, NG2(+) pericytes with a bump-on-a-log appearance in the PCAs-capillaries-PCVs complex did not respond to nerve stimulation. This lack of nerve-evoked Ca 2+ transients or contractions was consistent with their lack of TH-immunoreactive perivascular sympathetic nerves. An in vivo study in mesenteric vasculature demonstrated that arteries, terminal arterioles or veins but not PCAs, capillaries or venules less than 30 μm in internal diameter do not respond to perivascular nerve stimulation (Furness & Marshall, 1974) . This is in marked contrast to capillary pericytes in the CNS that are under tight neuronal regulation such that the pericytes are capable of regulating regional blood flow to meet the metabolic demands of active neurons (Hall et al. 2014; Biesecker et al. 2016) . Thus, NG2(+) capillary pericytes in the bladder suburothelium may intrinsically control the basal microvascular resistance using their spontaneous Ca 2+ transients.
Physiological aspects
Spontaneous Ca 2+ transients in mural cells (i.e. pericytes and smooth muscle cells) and associated vasoconstrictions have been reported in the microvasculature of visceral organs that undergo considerable wall distention upon filling or compression by luminal contents, such as the urinary bladder (Hashitani et al. 2011; Hashitani et al. 2012) , stomach Hashitani et al. 2015) , colon or rectum (Mitsui & Hashitani, 2017) . Thus, it was envisaged that stretching of the microvasculature may induce or facilitate spontaneous activity of mural cells by opening stretch-activated cation channels to stimulate cytosolic Ca 2+ oscillator. Because stretching the sheet-like preparations is fundamentally required for fluorescence Ca 2+ imaging, observed spontaneous activity in vitro may not be very similar to that occurring in vivo, particularly when the visceral organs are not filled by luminal contents. Metabolic factors (e.g. oxygen concentration or pH) would also affect spontaneous Ca 2+ activity in mural cells. In arterioles of hamster cheek pouches in vivo, increasing oxygen concentrations in perfusate depolarizes the membrane and induces oscillatory vasomotion or sustained constrictions (Welsh et al. 1998; Bartlett et al. 2000) . In the microvasculature of the bladder suburothelium, lowering oxygen concentration in perfusate by bubbling with 95% N 2 and 5% CO 2 did not alter the parameters of spontaneous Ca 2+ transients in pericytes of all microvascular segments, although the previously measured oxygen concentration under this condition is still higher than the tissue oxygen concentration (Nakamura et al. 2009 ).
The lower frequency of spontaneous Ca 2+ transients in capillary pericytes compared with PCV pericytes (Fig. 3K ) raises the question of the role of capillary pericytes as a dominant driver of spontaneous activity in the suburothelial microvascular unit. Theoretically, the cells generating the highest frequency of spontaneous electrical activity act as a dominant pacemaker within a syncytium as in the case of well-established cardiac pacemaker (Schram et al. 2002) or gastric pacemaker (Hashitani et al. 2005) . Because Ca 2+ imaging was carried out in urothelium-removed preparations, the microvascular network studied was detached from the extensive capillary network located just beneath the urothelium (Fig. 1A-C) . Such an extensive capillary network may indicate the highest energetic demands in the region and thus pericytes in the capillary network may function as a dominant driver of the suburothelial microvascular unit. In addition, the capillary-PCV connection was not well preserved compared to the capillary-PCA connection, presumably as a result of their fragility. Thus, we were not able to determine whether the capillary pericytes may also drive spontaneous Ca 2+ signalling in PCVs-venules, or whether there may be transition in terms of the frequency of spontaneous activity in pericytes along the capillaries.
It might be assumed that the long-lasting Ca 2+ transients (ß20s) in capillary pericytes triggering Ca 2+ transients and associate constrictions in PCA pericytes (Fig. 3J ) may reduce rather than facilitate capillary perfusion. In the suburothelial preparations gassed with 95% N 2 + 5% CO 2 , spontaneous Ca 2+ transients in pericytes of capillaries/PCAs occasionally spread into SMC-covered arterioles to trigger vigorous constrictions (Hashitani H, unpublished observations 
Clinical implications
There is growing evidence indicating that capillaries or capillary pericytes play a critical role not only in regulating physiological microcirculation, but also in the pathology of diseases in the CNS (Yemisci et al. 2009; Hall et al. 2014; Ivanova et al. 2017) and heart (O'Farrell et al. 2017) . No-flow phenomenon after catheterization treatments for various cerebral or cardiac ischaemic diseases appears to be attributable to rigor mortis in dead capillary pericytes. In the retina, hypoxia-induced opening of K ATP channels that are predominantly expressed in capillary pericytes (Ishizaki et al. 2009 ) initially dilates the upstream arterioles to increase regional blood flow by suppressing the activity of LVDCCs that are predominantly expressed in arterioles (Matsushita et al, 2010) . However, this opening of K ATP channels increases Ca 2+ influx as the driving force of LDVCCs increases into the pericytes and eventually causes their death.
In the bladder microvasculature, the rigor mortis in dead capillary pericytes may also result in capillary constrictions, although normal pericytes in the capillary appear to be intrinsically non-contractile. Diminished spontaneous phasic constrictions in contractile segments of the microvascular units would also deteriorate capillary-tissue exchange. Spontaneous phasic constrictions in arterioles are considered to reduce the blood flow resistance (Meyer et al. 2002) , whereas diminished vasomotion in retinal arterioles was reported in patients with diabetic retinopathy (Bek et al. 2013) . Spontaneous constrictions in venules may facilitate venular drainage (Dongaonkar et al. 2012) . In skeletal muscle, increased tone in PCVs and venules in rat models with metabolic syndrome was reported and it was suggested to contribute to the altered capillary exchange (Lemaster et al. 2017) .
Overactive bladder (OAB) has been recognized as a consequence of bladder ischaemia, although the precise pathological mechanisms underlying 'ischaemic' OAB remain to be determined (Andersson et al. 2014; Thurmond et al. 2016; Andersson et al. 2017) . The beneficial effects of α-adrenoceptor antagonists, β3-adrenoceptor agonists or PDE5 inhibitors on bladder storage symptoms may be attributed to an improvement of the bladder microcirculation. Indeed, these pharmacological agents improve bladder storage function without improving the narrowed luminal diameter of the feeding arteries (Andersson et al. 2014) . Thus, it is envisaged that capillary pericytes regulating the integrated contractility of the microvascular unit may play a critical role in developing OAB and provide a potential therapeutic target.
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Video S1. Spontaneous Ca 2+ transients in PCA pericytes NG2(+) pericytes in a PCA (shown in Fig. 3E ) developed synchronous spontaneous Ca 2+ transients. Frame rate is 100 ms (10 frames s -1 ). Video S2. Spontaneous Ca 2+ transients in capillary pericytes NG2(+) pericytes in a capillary (shown in Fig. 3F 
